In this paper, we demonstrate strong flexoelectric coupling in bimesogenic liquid crystals. This strong coupling is determined via the flexoelectro-optic effect in chiral nematic liquid crystals based on bimesogenic mixtures that are doped with low concentrations of high twisting power chiral additive. Two mixtures were examined: one had a pitch length of p ϳ 300 nm, the other had a pitch length of p ϳ 600 nm. These mixtures exhibit enantiotropic chiral nematic phases close to room temperature. We found that full-intensity modulation, that is, a rotation of the optic axis of 45°b etween crossed polarizers, could be achieved at significantly lower applied electric fields ͑E Ͻ 5 V m −1 ͒ than previously reported. In fact, for the condition of full-intensity modulation, the lowest electric-field strength recorded was E =2 V m −1 . As a result of a combination of the strong flexoelectric coupling and a divergence in the pitch, tilt angles of the optic axis up to 87°, i.e., a rotation of the optic axis through 174°, were observed. Furthermore, the flexoelastic ratios, which may be considered as a figure-of-merit parameter, were calculated from the results and found to be large, ranging from 1.3 to 2 C / Nm for a temperature range of up to 40°C.
I. INTRODUCTION
The flexoelectro-optic effect observed in chiral nematic ͑N * ͒ liquid crystals when aligned in the uniform-lying helix ͑ULH͒ configuration is a fast in-plane deflection of the optic axis that is linear with the applied electric field. [1] [2] [3] [4] [5] [6] For an electric field applied in a direction perpendicular to the helix axis, a periodic splay-bend deformation is formed which results in a macroscopic rotation of the optic axis in the plane of the device. Typically, the time scale involved for a complete rotation of the optic axis about its equilibrium position is of the order of microseconds. This is significantly faster than the millisecond time scale of a conventional twisted nematic liquid-crystal display, which relies upon a complete director reorientation to switch the optic axis. In addition to the fast switching times, the flexoelectro-optic effect has the other features that are necessary for a high-performance display device. This includes a wide viewing angle and grayscale capability, 4, 5 which are natural consequences of the inplane switching mechanism and the fact that the deflection of the optic axis is linear with the applied field, respectively. These remarkable characteristics of the flexoelectro-optic effect should enable it to be utilized in a wide range of optoelectronic applications involving the phase or amplitude modulation of light. For this to happen materials need to be developed where the optic axis can be switched through 45°o r 90°with low fields, i.e., a few V m −1 at ambient temperature. For practical devices it is also useful if these electro-optic properties are largely independent of temperature and if the alignment of the optic axis is stable to thermal cycling.
When describing the flexoelectro-optic effect there are essentially two fundamental relationships that characterize the electro-optic response. 1 First of all, the field-induced deflection of the optic axis from its equilibrium position, the tilt angle , is given by
where e and K are the effective flexoelectric and elastic constants, respectively: e = ͑e s + e b ͒ / 2 and K = ͑K 11 + K 33 ͒ / 2. The parameters K 11 and e s represent the elastic and flexoelectric constants for splay deformation, respectively, whereas K 33 and e b represent the same constants for bend deformations, and p is the pitch length of the helix. Note that in response to a bipolar electric field the rotation of the optic axis is twice that of the tilt angle . To maximize , we see that a large flexoelastic ratio ͑e / K͒ and a long pitch are required. However, a long pitch length has an undesirable effect on the electro-optic response time , which is given by the following expression:
where ␥ is the effective viscosity associated with the distortion of the helix. The response time is quadratic in the pitch and therefore fast switching times favor short pitch lengths. Furthermore, to prevent losses due to diffraction from the periodic structure, resulting from the rotation of the director around the helix axis, the pitch length should be smaller than the wavelength of the incident light. For these reasons short pitch lengths are preferred for the flexoelectro-optic effect. As a result, the flexoelastic ratio must be made significantly large so as to compensate for a short pitch. Predominantly, this involves enhancing the effective flexoelectric coefficient a͒ Author to whom correspondence should be addressed; electronic mail:
hjc37@eng.cam.ac.uk e. Although there have been several studies 6-8 on the direct relationship between the molecular structure and the flexoelectric properties of chiral nematic liquid crystals, a clear strategy for enhancing the effective flexoelectric coefficient has yet to be defined. In general, the low-molar-mass liquid crystals used in current display technologies possess a relatively small flexoelectric coefficient.
Apart from the issue of increasing e, the other problem with conventional low-molar-mass liquid crystals is the large dielectric coupling to the applied electric field. For a chiral nematic liquid crystal subjected to an electric field, both dielectric and flexoelectric couplings are present as is shown in the free-energy equation
where K 11 , K 22 , and K 33 are the elastic constants of splay, twist, and bend deformations, respectively. The dielectric anisotropy is given by ⌬ = ʈ − Ќ , where ʈ and Ќ are the dielectric constants parallel and perpendicular to the director represented by the unit vector n. The term in the square brackets is the elastic term for the unperturbed state in the absence of an applied electric field. On the other hand, the terms outside the brackets correspond to the dielectric, f dielectric =−͑ 0 ⌬ /2͒͑n · E͒ 2 , and the flexoelectric, f flexoelectric =−E · ͑e s n ٌ · n + e b n ϫ ٌ ϫ n͒, coupling terms. It is apparent that the dielectric and flexoelectric coupling terms are quadratic and linear in the field E, respectively. The liquidcrystal compounds synthesized for commercial twisted nematic ͑TN͒ displays are engineered to enhance the dielectric coupling in an applied electric field. Consequently, for many liquid crystals the flexoelectric behavior is observable only at very low electric fields before the helix begins to unwind and dielectric coupling dominates. This restriction to low fields then limits the amplitude of the flexoelectro-optic response. The threshold field for unwinding the helix when an electric field is applied perpendicular to the helix axis is given by
Therefore, chiral nematic liquid crystals with a high dielectric anisotropy exhibit helix unwinding at very low fields. Note that the critical field is also inversely proportional to the square of the pitch, which is another reason why a short pitch is preferred for use in the flexoelectro-optic effect.
To eradicate dielectric coupling but at the same time promote flexoelectric coupling is not a trivial task because both coupling mechanisms require a strong molecular dipole moment. In previous studies, 10 we have shown that one solution to this conundrum is to employ the so-called bimesogen compounds, which consist of two polar mesogenic units that are connected by a flexible alkyl spacer. The macroscopic dielectric anisotropy for these materials is low because of the fact that the terminal dipole moments point in opposite directions. On the other hand, strong dipole moments are still present and thus enable the liquid-crystal material to couple flexoelectrically to the applied field E. Using symmetric bimesogen compounds ͑␣-͑2Ј,4-difluorobiphenyl-4Ј-yloxy͒--͑2Ј,4-difluorobiphenyl-4Ј-yloxy͒alkanes͒ we showed 10 that tilt angles of up to = 45°could be achieved at fields of E =26 V m −1 . Moreover, full-intensity modulation ͑ = 22.5°͒ between crossed polarizers could be achieved using applied fields of E = 9.4 V m −1 . However, for the 5 -m-thick cell gaps used this still means applying a relatively high voltage ͑i.e., 47 V͒. An alternative symmetric bimesogen was investigated 6 and found to have an enhanced flexoelectro-optic effect ͑ = 22.5°at E =6 V m −1 ͒. However, this compound was only liquid crystalline at very high temperatures ͑T = 183°C͒. It should be noted that prior to these investigations the largest tilt angle that had been reported 3 was = 30°at E = 130 V m −1 . In this paper, we demonstrate how the magnitude of the flexoelectro-optic effect can be increased further by using mixtures of bimesogenic compounds doped with a low concentration of high-twisting-power chiral additive. We studied two mixtures which had different pitch lengths to ascertain the flexoelectric coupling strength. As mentioned, these bimesogenic compounds have a very low dielectric anisotropy ͑⌬ ϳ 0͒ by virtue of the opposing orientations of the dipole moments. This in turn increases the critical field value ͓Eq. ͑4͔͒ and allows the range of flexoelectric coupling to be extended. Moreover, we find that the flexoelectric coupling strength is also significantly enhanced, enabling full-intensity modulation using very low electric-field strengths ͑in some cases = 22.5°at E =2 V m −1 ͒. Because of the combination of strong flexoelectric behavior and the extended range of flexoelectric coupling, tilt angles as high as = 87°were observed.
II. SAMPLE PREPARATION
For the bimesogenic mixtures we used the following compounds:
and ␣-͑2Ј,4-difluorobiphenyl-4Ј-yloxy͒--͑4-cyanobiphenyl-4Ј-yloxy͒heptane ͑FFO7OCB͒. The mnemonic assigned to each compound is included in the parentheses following each chemical name. The chemical structures are shown in Fig. 1 . All these compounds were synthesized and purified in-house. Since there are no chiral centers in these liquid-crystal materials a low concentration of a high-twisting-power chiral dopant ͑BDH1281, Merck NB-C͒ had to be added to induce a chiral nematic phase. Two mixtures were prepared. The first mixture was a shortpitch chiral nematic which consisted of the following concentrations of each compound: FFE9EFF ͑24%͒: FFE11EFF ͑24%͒: FFO5OCB ͑10%͒: FFO7OCB ͑38.5%͒: BDH1281 ͑3.5%͒. The phase sequence for this mixture is I-͑96°C͒ -BP-͑92°C͒-N * -͑38°C͒-SmX * , which was determined through polarized optical microscopy. Herein, this mixture is
referred to as the short-pitch mixture. The percentages by weight of each compound are shown in the parentheses. The second mixture had a longer pitch length and included the following concentrations by weight: FFE9EFF ͑25%͒: FFE11EFF ͑25%͒: FFO5OCB ͑9.5%͒: FFO7OCB ͑39%͒: BDH1281͑1.5%͒. The phase sequence of this material is I -͑85°C͒-N * -͑33°C͒-SmX * . This mixture is referred to herein as the long-pitch mixture. Both mixtures were placed in a bake oven for an extended period to allow for sufficient mixing of the constituents. The chiral nematic mixtures in the isotropic phase were then injected into 5-m-thick Lucid cells ͑EEV͒ which were precoated with a unidirectionally rubbed polyimide alignment layer. An area of 25 mm 2 was coated on both substrates with an indium tin oxide ͑ITO͒ layer to enable the application of an electric field across the sample. In the unperturbed state the helix axis was orientated perpendicular to the substrates.
Since the minimum free-energy configuration of a chiral nematic liquid crystal in these cells is the grandjean texture ͑standing helix͒, an external stimulus was then required to prepare the ULH texture. To achieve this, the sample was cooled rapidly from the isotropic phase to the chiral nematic phase under the influence of an applied electric field. Once in the chiral nematic phase, the sample was then subjected to mechanical stress, in the form of shearing of the cell, in a direction perpendicular to the rubbing direction until a reasonable ULH texture had formed.
III. EXPERIMENT
Measurements of the rotation of the optic axis were carried out as follows. First of all, the sample was positioned on a hot stage ͑TMS90, Linkam͒ that was temperature controlled ͑TP91, Linkam͒ to within an accuracy of 0.1 K. This hot stage was mounted onto the rotation stage of an optical polarizing microscope ͑BH2, Olympus͒. Light transmitted through the sample was collected by a 20ϫ microscope objective. A bipolar electric field ͑square wave, =80 Hz͒ was then applied across the sample, which forced the optic axis to deflect back and forth in-plane about its equilibrium position due to flexoelectric coupling. The continual switching of the optic axis generates a level-to-level response of the transmitted light intensity through the sample; this modulation was then monitored by a fast photodiode and recorded by a digitizing oscilloscope ͑HP54502A͒. Response times were measured as the time required for the intensity at the photodiode to increase from 10% to 90% once the polarity of the driving field was reversed. So as to ensure maximum contrast between the two switched states, the unperturbed optic axis was aligned at 22.5°to the transmission axis of one of the polarizers. Note that the response is the time taken for the optic axis to undergo a complete switch ͑2͒ about its equilibrium position.
IV. RESULTS AND DISCUSSION
The flexoelectro-optic response for the bimesogen mixture with a short pitch length is shown in Fig. 2 . The tilt angle and the response time as a function of the applied electric field are plotted separately in Fig. 2͑a͒ and 2͑b͒ , respectively. Measurements were taken for six different shifted temperatures ͑T s = T clearing − T͒ across the entire range of the chiral nematic phase. At each shifted temperature the tilt angle is linearly proportional to the applied electric field in accordance with Eq. ͑1͒. For a shifted temperature of T s = 50°C the tilt angle reaches 45°at an applied field of E = 9.7 V m −1 , which is significantly lower than the field used for the symmetric difluorobiphenyl bimesogen compounds ͑ = 45°at E =26 V m −1 ͒ in an earlier study. 10 The response times, on the other hand, range from the microsecond to the millisecond and show a weak dependence on the electric field that is not described in Eq. ͑2͒. As the E field is increased, the response time is decreased. This has also been observed elsewhere with bimesogenic compounds. 6 It is shown that both the tilt angle per unit of applied field and the response time increase as the temperature is reduced. This is largely due to the fact that the pitch length is not temperature independent. Using the Cano wedge technique, values for the pitch length were found to increase from 280 nm at T s = 5°C to 370 nm at T s = 50°C. A sudden divergence in the pitch was noted on approaching the shifted temperature of T s = 50°C and is attributed to the secondorder nature of the N * to SmX * phase transition. This divergence in the pitch length is reflected in the response times, where it can be seen that there is a three-fold increase in the response when the sample is cooled from T s =40°C to T s = 50°C. For the same temperature range the pitch length was found to increase by 15%, which would result in a 225% increase in the response time ͑ ϰ p 2 ͒. The temperature dependency is, therefore, mainly due to the temperaturedependent pitch. In spite of the increase in the pitch length at low temperatures, its actual magnitude is still less than visible wavelengths ͑400-700 nm͒.
In Fig. 3 the flexoelectro-optic response is shown for the longer-pitch bimesogen mixture. The tilt angle ͓Fig. 3͑a͔͒ and the response time ͓Fig. 3͑b͔͒ are plotted as functions of the applied electric field. The inset of Fig. 3͑a͒ shows the tilt angle for an electric field of up to 5 V m −1 . At each temperature the tilt angle increases linearly with the applied field. For a shifted temperature of T s = 50°C the tilt angle diverges noticeably from linearity at moderately low fields ͑E Ͼ 6 V m −1 ͒. Furthermore, it was found that the tilt angle reaches = 87°at an applied field of E =23 V m −1 and is the highest tilt angle that we have recorded. In keeping with the short-pitch mixture, the response times are found to range from the microsecond to the millisecond time scale as the temperature is decreased.
The same temperature dependence is also observed as shown in Fig. 2 , which is to be expected given that the compounds have not changed except for the lower concentration of the chiral dopant. For the longer-pitch mixture, Cano wedge measurements revealed that the pitch length ranged form 570 nm at T s = 5°C to 620 nm at T s = 40°C. The slower response time for T s =50°C ͑ =12 ms͒ is considered to be due to a divergence in the pitch length. However, the divergence in the pitch is not reflected in the measurements of the tilt angle.
The factor of 2 increase in the pitch length resulted in an increase in the tilt angle per unit E field and an increase in the response times. It was found that at each shifted temperature the tilt angle per unit of applied E field was approximately a factor of 2 greater for the long-pitch mixture than for the short-pitch mixture. This is consistent with Eq. ͑1͒, which shows that tan ϰ p. The flexoelastic ratio ͑e / K͒ at each shifted temperature was calculated using Eq. ͑1͒ and found to be approximately equal for the two mixtures. The ratio ͑e / K͒ was found to increase in both cases from ϳ1.3 C / Nm at T s =5°C to ϳ2 C/Nm at T s = 40°C. These values are significantly greater than those observed with monomesogens 6 and indicate a strong flexoelectric coupling to the applied field E. In addition, at a given shifted temperature the response time of the long-pitch mixture is a factor of 4 greater than that of the short-pitch mixture and is in agreement with Eq. ͑2͒.
For a display device based on the flexoelectro-optic effect used between crossed polarizers, tilt angles in excess of = ± 22.5°are not required for full-intensity modulation. The electric field required to switch the optic axis by 22.5°is plotted as a function of the shifted temperature for both mixtures in Fig. 4 . For the long-pitch mixture the E field ranges from ϳ2 to 3 V m −1 , whereas for the short-pitch mixture the E field ranges from ϳ4 to 7 V m −1 . It is shown that the E field required to switch the optic axis by = 22.5°for the long-pitch mixture is approximately a factor of 2 smaller than that for the short-pitch mixture. This is due to the increase in the tilt angle per unit of E field which results from the extension in the pitch. Nevertheless, even at temperatures away from the divergence of the pitch, the values of the tilt angle for both mixtures are much greater than have been observed previously. This is due to the large values for the flexoelastic ratio and the inherently strong flexoelectric coupling. For these bimesogenic materials microsecond switching and full-intensity modulation can be achieved using E field of Ͻ3 V m −1 at temperatures ͑35-40°C͒ much lower than those recorded previously. Typical flat-panel liquidcrystal displays run at a temperature of 35°C due to the heating effects of the internal backlights. For cell gaps of 5 m, i.e., applied voltages of Ͻ15 V, currently available thin-film transistors can be used to drive the devices. Furthermore, the virtual independence of the response times on an applied field and the weak temperature dependence of the tilt angle for a given field strength lead to wider tolerances in the drive electronics. Consequently, we believe these materials are a significant step forward in producing viable liquidcrystal materials that enable exploitation of the flexoelectrooptic effect in display devices.
Further using the higher tilt angles ͑ =45°͒ then phase devices or indeed dye-guest host displays may be readily produced since the refractive index indicatrix is rotated through 90°. These devices are discussed separately elsewhere. 11 Finally, thermal cycling from high temperatures ͑the isotropic phase͒ to low temperatures ͑i.e., the SmX * or crystalline phases͒ without losing the ULH texture is vital for practical devices. Using reactive mesogens we have stabilized the ULH texture against such thermal cycling and the details of these studies will also be reported. 12 Volume-stabilizing the ULH texture has already been demonstrated 13 for a commercial chiral nematic mixture.
V. CONCLUSION
In conclusion, we have synthesized and studied two bimesogen mixtures with different helical pitch lengths for the flexoelectro-optic effect. These mixtures where found to have extremely high tilt angles at low electric-field strengths, which will potentially open up new application areas for the flexoelectro-optic effect.
